INTRODUCTION
Dissimilatory sulfate-reducing microorganisms are a very diverse group of prokaryotes that are divided into four phylogenetic groups: Gram-negative, mesophilic, non-sporeforming sulfate-reducing bacteria (SRB), Gram-positive spore-forming SRB, thermophilic SRB and thermophilic archaeal sulfate reducers (Castro et al., 2000) . The Gramnegative mesophilic SRB belong to the class Deltaproteobacteria. Sulfate reducers can also be divided physiologically into two main groups based on their ability to oxidize organic compounds incompletely to acetate or completely to carbon dioxide (Muyzer & Stams, 2008) . In addition to their importance in the sulfur cycle, sulfate-reducing microorganisms also play an important role in anaerobic carbon cycling. They have been detected or isolated from a variety of environments such as marine sediments, hypersaline microbial mats, oilfields and hydrothermal vents (Alazard et al., 2003; Haouari et al., 2006; Minz et al., 1999; Tardy-Jacquenod et al., 1996) . Although sometimes difficult, isolation of novel sulfate reducers is valuable because it allows detailed studies of SRB physiology, enzymology, catabolic pathways, behaviour and interactions with other microorganisms, as well as their ecological functions.
Coal beds are anoxic, subsurface environments containing a unique range of aromatic and aliphatic compounds.
Understanding microbial carbon metabolism in coal beds may be important for stimulating methane production. Although some studies have examined coalbed community structure using culture-independent methods, few reports have focused on the isolation and physiological characterization of microorganisms from coal or water extracted from coal beds (Strąpoć et al., 2008; Wawrik et al., 2012) . Therefore, very little is known about the microbial community associated with coal beds and associated pathways for anaerobic carbon metabolism. It is not unlikely that communities with unique metabolic properties have evolved over time due to constant exposure to the distinctive chemical composition of coal and the generally anoxic environment in coal beds. Our objective was to isolate and characterize microorganisms from coal beds to determine whether long-term exposure to unique subsurface coal environments has selected novel microorganisms. In this study, we describe the detailed taxonomic characterization of strain SCBM T , which represents a novel species of a novel genus of SRB isolated from a coal bed in Indiana, USA.
METHODS
Isolation, morphology and phenotype Sample collection, enrichment and isolation process. Coproduced water from an active coalbed methane gas well in New Lebanon, Sullivan County, IN, USA (39.024u N 87.447u W), was collected anoxically as described previously (Furmann et al., 2013) . Microbial inoculum was prepared by sterile, anoxic filtration of 200 ml extracted water using 0.2 mm-pore-size membrane filters (Pall, Life Sciences; Supor 450). Filters with cells were then used as inocula to establish anaerobic enrichments in serum bottles using prereduced, anoxic bicarbonate-buffered medium (medium 1) containing benzoate (2.5 mM), Na 2 SO 4 (14 mM) and hydrous ferric oxide (HFO; 50 mM) as electron donor and electron acceptors, respectively. Medium 1 was composed of the following components: 4.5 mM KCl, 21 mM MgCl 2 , 4.67 mM NH 4 Cl, 0.95 mM CaCl 2 , 0.80 mM K 2 HPO 4 , 7 mM Fe(NH 4 ) 2 (SO 4 ) 2 , 39 mM NiCl 2 , 0.15 M NaCl, 60 mM NaHCO 3 , 1 mM Na 2 SeO 3 , 0.27 mM Na 2 WO 4 , 0.5 mM FeCl 2 as a reductant, 10 ml Wolfe's vitamin solution l 21 and 10 ml SL-10 trace element solution l 21 (Atlas, 2005) . The serum bottles were tightly sealed with butyl rubber stoppers and aluminium crimp seals. The bottle headspace was pressurized to 62 kPa (9 p.s.i.) overpressure with N 2 /CO 2 (4 : 1, v/v). Enrichments were incubated in the dark at 30 uC and transferred (10 %) to fresh medium every 3 weeks when the brown colour of HFO changed to black.
Since a 16S rRNA gene clone library analysis showed the presence of a stable consortium of iron-and sulfate-reducing bacteria (data not shown), we focused our efforts on isolating the sulfate reducers. SRB were isolated in pure culture by repeated liquid serial dilution to extinction twice followed by an anaerobic agar serial dilution using medium 1 with the same benzoate and sulfate concentrations plus 1.8 % (w/v) agar (BD Difco agar noble). Sulfide (Na 2 S; 1 mM) was provided as a reductant instead of FeCl 2 and 1 ml resazurin (0.1 % w/v) l 21 was added as a redox indicator. The purity of the culture was confirmed by microscopic analysis and by sequencing (described below) of the nearly full-length 16S rRNA gene three times using independently grown cultures. Pure SRB stock cultures were maintained in medium 1 at room temperature with the same sulfate, benzoate, Na 2 S and resazurin concentrations, and transferred to fresh medium every 1.5 months. Axenic SRB cultures were also preserved as frozen cultures in DMSO (10 %) at 280 uC.
Morphology. Cells of strain SCBM T grown with benzoate and sulfate in medium 1 at 30 uC were examined using phase-contrast, fluorescence, scanning electron and transmission electron microscopy. Sample preparation for phase-contrast and fluorescence microscopy is described in the online Supplementary Material. For scanning electron microscopy (SEM), cells were immobilized on 0.2 mm-pore-size Supor 200 filters (Pall, Gelman Sciences) and fixed with 2 % glutaraldehyde buffered by 0.1 M phosphate buffer (pH 7.4) for 10 min. After washing filters with the same buffer, filter membranes were dehydrated in increasing ethanol concentrations of 30, 50, 75, 90, 95 and 100 % (twice) . The dehydrated filter membranes were critical-point-dried in a Balzers CPD 030 critical point dryer with liquid carbon dioxide for 1 h, mounted on SEM aluminium stubs and gold-and palladium-coated using a Polaron sputter coater for 10 min. Images were acquired at an accelerating voltage of 15 kV and a magnification of 620 000 using a JEOL 5800LV SEM.
Cell motility was examined by observing cells in liquid medium using phase-contrast microscopy at 6400 and 61000 magnification. The presence of flagella was confirmed by transmission electron microscopy (TEM). After placing an aliquot of cell suspension on carbon-coated Formvar films on 300-mesh copper grids, cells were fixed with 2 % (w/v) glutaraldehyde buffered with 0.1 M HEPES (pH 7.2) for 5 min, negatively stained with aqueous 2 % (w/v) uranyl acetate for 5 min and air-dried for 5 min. Finally, cells were viewed using a JEOL 1010 TEM.
Biochemical and physiological properties. For testing of biochemical and physiological properties, cells of strain SCBM T were grown in anaerobic tubes or serum bottles using a PIPES-buffered medium (medium 2) prepared with the following components: 0.46 mM CaCl 2 , 0.2 mM KCl, 0.25 mM MgCl 2 , 1 mM NH 4 Cl, 0.1 mM KH 2 PO 4 , 10 mM PIPES (pH 7), 1 mM Na 2 S, 1 ml resazurin (0.1 % w/v) l
21
, 5 ml Wolfe's vitamin solution l 21 and 2.5 ml SL-10 trace element solution l
. The vessel headspace was overpressurized (9 p.s.i.) with ultra-high-purity nitrogen. Benzoate (2.5 mM) and sulfate (14 mM) were provided as substrate and electron acceptor, respectively, except when otherwise noted. All experiments were performed in duplicate using anaerobic culture tubes or serum bottles with butyl rubber stoppers and aluminium crimp-seals. All incubations were carried out in the dark at 30 uC on an orbital shaker unless otherwise indicated. Substrate utilization was assessed by measuring concentrations of electron donors and/or electron acceptors. Phenol and carboxylated compounds, except palmitate and gluconate, were measured using HPLC with a Waters Fast Fruit Juice column and a Waters 2487 absorbance detector. Sulfate was measured on a Dionex ICS-2000 ion chromatograph with an AS11-HC analytical column and a CD25 conductivity detector.
Gram-staining, oxidase and catalase tests were conducted according to standard procedures (Reddy et al., 2007) . For the catalase test, Shewanella putrefaciens 200 and Staphylococcus epidermidis ATCC 155 T were used as positive controls while Streptococcus agalactiae ATCC 13813
T was used as a negative control. For the oxidase test, Shewanella putrefaciens 200 was a positive control; Staphylococcus epidermidis ATCC 155 T and Streptococcus agalactiae ATCC 13813 T were negative controls.
To determine the pH range for growth, different buffers (10 mM) were used to cover the range from pH 4 to 9 at 0.5 pH unit intervals: citrate, pH 4-7; MES, pH 5-7.5; PIPES, pH 6-7.5; and HEPES, pH 7-9. The salt tolerance of strain SCBM T was assessed by varying NaCl concentrations from 0 to 300 mM at 50 mM intervals, and 1, 2 and 3 M NaCl were also tested. For the temperature range experiment, cultures were incubated at 10, 16, 20, 25, 30 and 37 uC in temperature-controlled rooms and shaken twice a week. Doubling times at different temperatures were calculated based on cell numbers counted via an acridine orange direct count (AODC) method (Francisco et al., 1973) , vanillate (2.5 mM), salicylate (2.5 mM), phenol (0.5 mM), methanol, ethanol, 2-propanol, glycerol and hydrogen (H 2 /CO 2 , 4 : 1, v/v; about 9 p.s.i. overpressure in headspace). Growth on hydrogen in the presence of malate (10 mM) as a carbon source instead of carbon dioxide was also examined. Fermentative capacity was evaluated for all substrates used in the substrate utilization experiment except H 2 by omitting sulfate.
Alternative electron acceptors were evaluated in the presence of benzoate (2.5 mM) as an electron donor and carbon source. Cell sensitivity to oxygen was evaluated by inoculating washed cells into medium with benzoate, sulfate and a trace amount of oxygen (2.5 mM) but without sulfide. The following electron acceptors were tested: sulfate (14 mM, positive control), thiosulfate (14 mM), sulfite (2.8 mM), elemental colloidal sulfur (100 mM) freshly prepared by the procedure of Janek (1933) (Blumentals et al., 1990) , anthraquinone 2,6-disulfonate (AQDS; 4 mM), DMSO (15 mM), nitrate (5 mM), nitrite (3 mM), HFO (50 mM), ferric citrate (50 mM) and oxygen (237.5 mM). Media prepared with nitrate, nitrite, ferric citrate or oxygen did not contain resazurin or sulfide in order to avoid potential abiotic reactions between sulfide and the electron acceptor.
Fatty acid profile analysis. Biomass from 28-day-old cultures grown on medium 2 with benzoate plus sulfate was harvested by centrifugation. Cell pellets were freeze-dried and sent to the DSMZ at ambient temperature for analysis of cellular fatty acid composition. For this analysis, bacteria cells were saponified to release fatty acids, which were then methylated to esters and subsequently extracted in an organic phase (Kuykendall et al., 1988; Miller, 1982) . Finally, the fatty acid methyl esters were analysed using the Sherlock Microbial Identification System (MIDI Inc.).
Genotypic characterization DNA base composition. Biomass was harvested by centrifugation, resuspended in 2-propanol/water (1 : 1, v/v) and sent to the DSMZ at ambient temperature for DNA base composition analysis. In brief, cells were lysed with lysozyme and DNA was extracted by a miniaturized modification of the method of Marmur (1961) including phenol extraction, chloroform extraction, ethanol precipitation and RNase T1 treatment. The DNA was degraded enzymically to nucleotides by P1 nuclease and subsequently dephosphorylated to nucleosides by bovine alkaline phosphatase (Mesbah et al., 1989) . The resulting nucleosides were separated by HPLC using a reversed-phase C18 column (Tamaoka & Komagata, 1984) . The molar G+C content of genomic DNA was calculated from the apparent ratio of deoxyguanosine (dG) and thymidine (dT) (Mesbah et al., 1989) . Non-methylated phage lambda DNA (Sigma) and three DNAs with published genome sequences (Bacillus subtilis DSM 402, Xanthomonas campestris DSM 3586 T and Streptomyces violaceoruber DSM 40783) representing a G+C content range of 43-72 mol% were used as standards.
Phylogenetic analysis. Genomic DNA of strain SCBM T grown in PIPES-buffered medium was extracted using the UltraClean Microbial DNA Isolation kit, according to the manufacturer's protocol (MoBio Laboratories). The 16S rRNA gene sequence was amplified by PCR with universal bacterial primers 8fm (59-AGAGTTTGATCMTGGCTCAG-39) and E1541R (59-AAGGAGG-TGATCCANCCRCA-39) using the Taq DNA polymerase kit (Life Technologies). PCR was conducted in a Peltier Thermal Cycler PTC-225 (Bio-Rad Laboratories) using the following temperature program: initial denaturation at 95 uC for 2 min followed by 33 cycles of denaturation at 95 uC for 30 s, annealing at 55 uC for 30 s and extension at 72 uC for 1.5 min and a final elongation at 72 uC for 10 min. PCR products were purified using a QIAquick PCR Purification kit (Qiagen) and sequenced using a Big Dye Terminator 3.1 kit on an ABI 3730 sequencer (Applied Biosystems). In addition to the two universal 16S rRNA gene primers mentioned above, primers 926R (59-CCGTCAATTCCTTTRAGTTT-39) and 1387R (59-GGGCGGWGTGTACAAGGC-39) were also used for sequencing to ensure overlapping reads were obtained. The thermal cycling program for sequencing involved initial denaturation at 96 uC for 1 min and 33 cycles of 96 uC for 10 s, 48 uC for 5 s and 60 uC for 4 min. The resultant reads were trimmed to remove bases with quality scores of less than 20, edited manually where necessary and assembled using CodonCode Aligner version 3.7.1 (CodonCode Corporation). The NCBI BLAST algorithm (Altschul et al., 1990 ) was used to identify 16S rRNA gene sequences similar to that of strain SCBM T . The 16S rRNA gene sequences of SRB retrieved from GenBank were aligned using MUSCLE (Edgar, 2004 ) and the phylogenetic tree was reconstructed by using the neighbour-joining method (Saitou & Nei, 1987) in MEGA version 6.05 (Tamura et al., 2013) . Tree topology was evaluated by bootstrapping (Felsenstein, 1985) with 1000 replicates. Evolutionary distances were computed using the maximum composite likelihood method (Tamura et al., 2004) . Thermodesulfovibrio yellowstonii DSM 11347 T was used as an outgroup to root the tree.
RESULTS AND DISCUSSION
Isolation, morphology and phenotype BLAST searches of SRB clones in the enrichment revealed only 88-91 % 16S rRNA gene sequence identity to the closest cultured match, Desulfarculus baarsii DSM 2075 T , indicating the presence of a novel genus. After the lengthy enrichment and isolation procedure described above, strain SCBM T was ultimately isolated in pure culture using an anaerobic agar dilution series. Cells of strain SCBM T were vibrio-shaped, 1.5-2.4 mm long and 0.4-0.5 mm wide, with rounded ends, and divided by binary fission (Figs 1 and S1 , available in the online Supplementary Material). Cells of strain SCBM T had a single, polar flagellum (Fig. 1b) that helped them swim actively in liquid medium. The cell membrane was stained by FM4-64 with a false-red colour (Fig. S1b) , but the flagellum was not. We infer that, if the flagellum has a sheath, the sheath is not membrane-based.
Biochemical and physiological properties

Strain SCBM
T was Gram-negative, oxidase-negative and weakly catalase-positive. The pH range for growth was 6.5-8, with optimal growth at pH 7. Bicarbonate, HEPES, PIPES and MES were effective buffers for growth of strain SCBM T , but citrate inhibited growth. Even though strain SCBM T had been cultured on high-salt medium during enrichment, it could grow in the absence of NaCl. The NaCl concentration range for growth was 0-300 mM. No growth was measured when NaCl was present in the medium at 1 M or more. Strain SCBM T grew at 16-37 u C, with optimal growth at 30 u C. No growth was observed at 10 u C after 5 months of incubation. Doubling times were 14 days at 16 u C (83-day lag phase), 7 days at 20 u C (56-day lag phase), 4.2 days at 25 u C (28-day lag phase), 3.4 days at 30 u C (21-day lag phase) and 4.1 days at 37 u C (14-day lag phase). Under optimal growth conditions (30 uC, pH 7, shaken continuously at 75 r.p.m.), strain SCBM T grew more rapidly, with a doubling time of 2.7 days (14-day lag phase), and reached a final cell density (OD 600 ) of about 0.30, corresponding to approximately 4.1610 8 cells ml
21
.
Strain SCBM T is an obligate anaerobe, and growth on benzoate (2.5 mM) and sulfate (14 mM) was inhibited completely in the presence of a trace quantity of oxygen (2.5 mM). The strain did not require yeast extract for growth. When sulfate was provided as the electron acceptor, strain SCBM T could grow autotrophically with hydrogen as the electron donor and heterotrophically on the following substrates (10 mM unless otherwise indicated): formate, acetate, pyruvate, butyrate, fumarate, succinate, palmitate and benzoate (2.5 mM). Our HPLC analyses of spent culture medium did not detect any metabolites, suggesting that these organic substrates were oxidized completely to carbon dioxide by strain SCBM T . Hydrogen was not used when malate was present as a carbon source instead of carbon dioxide. The following tested compounds did not support growth of strain SCBM T : propionate, DL-lactate, malate, citrate, oxalate, Dglucose, D-fructose, L-arabinose, glutamate, gluconate, sucrose, yeast extract (1 g l 21 ), vanillate (2.5 mM), salicylate (2.5 mM), phenol (0.5 mM), methanol, ethanol, 2-propanol and glycerol. None of the substrates tested were fermented by strain SCBM T , indicating that growth required an external electron acceptor. Thiosulfate (14 mM) was used as a terminal electron acceptor coupled to benzoate oxidation, but sulfite (2.8 mM), elemental sulfur (100 mM), DMSO (15 mM), AQDS (4 mM), nitrate (5 mM), nitrite (3 mM), HFO (50 mM), ferric citrate (50 mM) and oxygen (237.5 mM) were not.
Fatty acid profile analysis
The fatty acid profile of strain SCBM T is shown in Table 1 . The major fatty acids were anteiso-C 15 : 0 (51.5 %) and C 18 : 1 v7c (22.6 %), with a moderate amount of C 14 : 0 (6.7 %) and iso-C 15 : 0 (5.2 %) fatty acids. Other minor fatty acids were C 16 : 0 (3.3 %), iso-C 14 : 0 (3.2 %), iso-C 16 : 0 (2.6 %) and C 18 : 0 (2.4 %). Saturated, methyl-branched fatty acids were prominent, with iso-and anteiso-branched fatty acids accounting for 10.9 and 52.4 % of the total, respectively. Saturated straight-chain fatty acids accounted for 12.8 % of the toal. Unsaturated fatty acids made up 23.2 % and unknown fatty acids represented only 0.3 % of the total. No hydroxy fatty acids or dimethyl acetals were detected.
Genotypic characterization
DNA base composition. The genomic DNA G+C content of strain SCBM T was 62.5 mol%, which is lower than the 66 mol% reported for Desulfarculus baarsii DSM 2075 T .
Together with other characteristics shown in Table 2 , strain SCBM T is clearly distinguished from its closest relative, Desulfarculus baarsii DSM 2075 T .
Phylogenetic analysis. On the basis of nearly full-length (1417 bp) 16S rRNA gene sequence analysis, strain SCBM T formed a distinct phylogenetic lineage within the class Deltaproteobacteria (Fig. 2) . Strain SCBM T shared only 91.7 % pairwise 16S rRNA gene sequence identity with its closest cultured phylogenetic relative, Desulfarculus baarsii DSM 2075
T , while similarities to other recognized species in the class Deltaproteobacteria were ¡87 %. The next most closely related, described relatives of strain SCBM T were Desulfatibacillum alkenivorans AK-01 (87 % similarity), Desulfomonile tiedjei DSM 6799 T (87 %), Desulfatibacillum aliphaticivorans CV2803 T (87 %), Desulfovibrio cavernae H1M (87 %), Desulfobacterium anilini Ani1 T (86 %), Desulfococcus oleovorans Hxd3 (86 %), Desulfosalsimonas propionicica PropA T (86 %) and Desulfatitalea tepidiphila T. T. An and F. W. Picardal T . Strain SCBM T shared higher similarities with some environmental clones: SBZO-5226 (94 %; GenBank accession no. JN534339), recovered from the Guerrero Negro hypersaline microbial mat (Harris et al., 2013) ; 65-OC-8 (93 %; HE797781), retrieved from an anoxic brackish photosynthetic biofilm at Berre Pond, France; UASB-TL19 (93 %; AF254400), recovered from a 4-methylbenzoatedegrading methanogenic consortium (Wu et al., 2001) ; and 624H2B-13, 624H2B-24 and 624H2B-36 (93 %; KC408551, KC408562 and KC408572, respectively), retrieved from coalbed water from Qinshui Basin, China. We suggest that the unique coal environment from which our isolate was retrieved may have enriched microorganisms such as strain SCBM
T and that such bacteria may be important members of the microbial community involved in anaerobic carbon metabolism in coal beds.
Comparison and conclusion
Differential characteristics between strain SCBM T and Desulfarculus baarsii DSM 2075 T are shown in Clone UASB TL19 from a methanogenic consortium (AF254400)
Desulfatitalea tepidiphila S28bF T (AB614135)
Desulfatibacillum alkenivorans AK-01 (NR_074962)
Desulfosalsimonas propionicica PropA T (DQ067422)
Desulfotomaculum carboxydivorans CO-1-SRB T (NR_074579) Fig. 2 . 16S rRNA gene sequence-based phylogenetic tree of strain SCBM T and related SRB type strains reconstructed by the neighbour-joining method, rooted using Thermodesulfovibrio yellowstonii DSM 11347 T . Bootstrap values for 1000 replicates are shown as percentages at branch points. Bar, 2 changes per 100 nucleotides. GenBank accession numbers are given in parentheses.
